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We measured the magneto-optical response of (Lao. 4Pro.6)i. 2811. 8Mn207 in order to investigate 
the microscopic aspects of the magnetic field driven spin-glass insulator to ferromagnetic metal tran- 
sition. Application of a magnetic field recovers the ferromagnetic state with an overall redshift of 
the electronic structure, growth of the bound carrier localization associated with ferromagnetic do- 
mains, development of a pseudogap, and softening of the Mn-O stretching and bending modes that 
indicate a structural change. We discuss field- and temperature-induced trends within the frame- 
work of the Tomioka-Tokura global electronic phase diagram picture and suggest that controlled 
disorder near a phase boundary can be used to tune the magnetodielectric response. Remnants of 
the spin-glass insulator to ferromagnetic metallic transition can also drive 300 K color changes in 
(Lao.4Pro.6)i.2Sri.8Mn207. 

PACS numbers: 78.20.Ls, 75.47.Lx, 71.30.+h, 75.50.Lk 



I. INTRODUCTION 

Substituted perovskite manganites have attracted 
considerable attention due to their exotic magnetic, 
electronic, and optical properties. These properties 
derive from the many competing ground states of 
the complex phase diagram, strong coupling across 
different energy scales, and the presence of an in- 
homogeneous texture. ^'^'■^ One consequence of this 
complexity is that enormous physical property changes 
can be induced by small chemical and physical per- 
turbations. The double-layer manganites of interest 
here derive from the Lai.2Sri.8Mn207 parent com- 
pound, crystallizing in a body-centered tetragonal 
structure (space group lA/mmm) as shown in Fig.^^ 
These bilayer manganites display a broad metallic 
regime, colossal magnetoresistance, Jahn- Teller distor- 
tions, metal-insulator transitions, and charge /orbital 
orderingiSiLS These materials are therefore well- 
suited for fundamental magnetodielectric properties 
investigations.9-lQ-ibi2,i3,i4,i5,i6,i7,i8,i9,2n,2i ,22,2.3 ^hey 

are also useful to extend the Tomioka-Tokura electronic 
phase diagram picture24 and test oscillator strength sum 
rules. ^^'^^ 

Pr substitution of the La sites in Lai.2Sri.8Mn207 
yields materials with chemical formula 
(Lai_2Pr2)i.2Sri.8Mn207, providing an opportunity to 
investigate the physical properties of bilayer manganites 
as a function of disorder without changing the total 
hole concentration.^ Upon increasing Pr substitution 
{z=0, 0.2, and 0.4), the paramagnetic insulator (PMI) 
to ferromagnetic metal (FMM) transition temperature, 
Tc, decreases (120, 90, and 60 K, respectively). ^6 At 
z=0.6, the transition is quenched^ This material, 
(Lao.4Pro.6)i.2Sri.8Mn207, is the subject of our present 




FIG. 1: (Color online) Crystal structure of 

(Lao.4Pro.6)i.2Sri.8Mn207 , with O (red/black), Mn- 
containing octahedra (purple/gray), and the rare/alkaline 
earth ions (light blue/light gray). O occupies three different 
sites, and rare earth/alkaline earth metal have different 
coordination numbers depending on whether they occupy 
perovskite (P) or rock salt (R) sitesf-i- Note that the unit 
cell along the 6 axis has been replicated to highlight the 
layered structure. 



work. Pr substitution modifies the lattice constants (c/a 
increases) , causes a change in the Jahn- Teller distortion, 
induces bound carrier localization in the far infrared, 
and modifies the eg orbital occupancyi2S42L2£ Clearly, the 
degree of disorder strongly influences the physical prop- 
erties. In fact, given that (Lao.4Pro.6)i.2Sri.8Mn207 is 
highly disordered, the aforementioned low-temperature 
PMI state can likely be considered to be a spin-glass 
insulator (SGI) as well, although variable frequency ac 
susceptibility measurements are needed to confirm this 
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picturei^*24 

The long-range ordered ferromagnetic state 
that is suppressed by chemical pressure in 
(Lao.4Pro.6)i.2Sri.8Mn207 is recovered under mag- 
netic field. This recovery is evident in the H-T phase 
diagram deduced from magnetization, magnetostric- 
tion, and resistivity measurements Neutron 
scattering demonstrates that the field-induced FMM 
state is very similar to the FMM state in the double- 
layer parent compound, Lai.2Sri.gMn207i^ Neutron 
diffraction studies show that local structure (Mn-0 
bond distances and Mn-O-Mn bond angles) and Cg 
orbital occupancies change dramatically in magnetic 
field, directly influencing electron hopping between Mn 
sites . Magneto-optical imaging suggests that the 
high field FMM state is homogenous 

In order to understand the interplay between 
spin, charge, lattice, and orbital degrees of free- 
dom, we investigated the magneto-optical properties of 
(Lao.4Pro.6)i.2Sri.8Mn207. Application of a magnetic 
field recovers the ferromagnetic state with an overall red- 
shift of the electronic structure, growth of the bound car- 
rier localization associated with ferromagnetic domains, 
and softening of the Mn-0 stretching and bending modes. 
The high field state is not, however, metallic in the 
conventional sense, and the spectrum differs from that 
of the double-layer parent compound Lai.2Sri.8Mn207 
in that it displays a pseudogap. We discuss field- 
and temperature-induced trends within the framework 
of the Tomioka-Tokura global electronic phase diagram 
picture^ and suggest that controlled disorder near a 
phase boundary can be used to tune the magnetodielec- 
tric response. We also employ these microscopic changes 
to extract the H-T phase diagram and show that the low 
temperature lattice responds more slowly than spin and 
charge. Finally, we demonstrate that remnants of the 
SGI-FMM transition can drive 300 K color changes in 
(Lao.4Pro.6)i.2Sri.8Mn207. 



II. METHODS 

Single crystals of (Lao.4Pro.6)i.2Sri.8Mn207 were 
grown from sintered rods of same nominal composition 
by the floating-zone technique, using a mirror furnace^ 
Typical crystal dimensions were Ri4x5x2 mm^. They 
were cleaved to yield a shiny surface corresponding to 
the ab plane. 

Near normal ab plane reflectance of 
(Lao.4Pro.6)i.2Sri.8Mn207 was measured over a wide 
energy range (3.7 meV - 6.5 eV) using different spec- 
trometers including a Brukcr 113V Fourier transform 
infrared spectrometer, a Bruker Equinox 55 Fourier 
transform infrared spectrometer equipped with an 
infrared microscope, and a Perkin Elmer Lambda 900 
grating spectrometer. The spectral resolution was 2 
cm~^ in the far and middle-infrared and 2 nm in the 
near-infrared, visible, and near-ultraviolet. Aluminum 



mirrors were used as references for all measurements. 
Low temperature spectroscopies were carried out with 
a continuous-flow helium cryostat and temperature 
controller. Optical conductivity was calculated by a 
Kramers-Kronig analysis of the measured reflectancei^ 

The magneto-optical properties of 

(Lao.4Pro.6)i.2Sri.8Mn207 were measured at the 
National High Magnetic Field Laboratory (NHMFL) in 
Tallahassee, FL, using a Bruker 113V Fourier transform 
infrared spectrometer equipped with a 18 T supercon- 
ducting magnet and a grating spectrometer equipped 
with InGaAs and CCD detectors and a 33 T resistive 
magnet. Experiments were performed at 4.2 K for 
H II c. Selected experiments were also carried out 
between 4.2 and 300 K in the spectral range of 0.75 
- 3 eV. Data were collected on both increasing and 
decreasing magnetic field. Upsweep data were plotted 
here, whereas hysteresis effects on optical properties 
are discussed elsewhereJ^ After each field sweep, the 
samples were heated to 80 K to erase the "memory". 
The field-induced changes in the measured reflectance 
were studied by taking the ratio of reflectance at each 
field and reflectance at zero field, i.e., [R{H)/R{H=0 
T)]. To obtain the high field optical conductivity, we 
renormalized the zero-field absolute reflectance with the 
high-field reflectance ratios, and recalculated cti using 
Kramers-Kronig techniques.™ Due to limited coverage 
of the spectrometers at the NHMFL, the measured 
data were spliced together with curve fitting techniques 
between ~0.5 and 0.75 eV. 

We employed standard color rendering techniques 
to visualize temperature- and field-induced spectral 
changesi^2i2£ Here, the absorption coefficient data^^ are 
"matched" with the effective absorption using a propor- 
tionality constant (which is typically on the order of 
the pellet thickness times the loading) 4^ A comparison 
of the absorption coefficient to the effective absorption 
spectrum can be used to render color by integrating the 
product of the spectrum with the well-known XYZ color 
matching functions to determine the XYZ color valuesi^i 
These XYZ values are converted into RGB color values 
and then inverted to determine the color of a material 
The final RGB values allow color rendering. 



III. RESULTS AND DISCUSSION 

A. Field Dependence of the Optical Spectra 

Figure 121 a) displays the ab plane optical conductivity 
of (Lao.4Pro.6)i.2Sri.8Mn207 in the low (SGI) and high 
field (FMM) states at 4.2 K. The dominant effect of the 
applied field is to redshift the oscillator strength, which 
is conserved within a few percent. A similar field- induced 
redshift of the spectral weight has been observed in other 
manganitesii2i2Si2L2^ In (Lao.4Pro.6)i.2Sri.8Mn207, the 
electronic excitation near 1 eV in the SGI state arises 
from a combination of Mn^"*" intra-atomic d to d ex- 
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FIG. 2: (Color online) (a) Optical conductivity of 
(Lao.4Pro.6)i.2Sri.8Mn207 within the ab plane under (solid 
hue) and 10 T (dashed line) at 4.2 K (H \\ c), extracted 
from a Kramers-Kronig analysis of the measured reflectance 
data (inset), (b) Close-up view of the 4.2 K optical conduc- 
tivity within the ab plane under and 10 T magnetic fields 
{H II c). Dotted lines guide the eye to highlight the broad 
underlying bound carrier localization. The inset shows the 
development of the bound carrier localization (dotted lines), 
associated with ferromagnetic domains, upon application of 
field. 



citations superimposed with Mn'^+ to Mn'*+ {d to d) 
inter- atomic charge transfer excitations i^Si^ii^ This fea- 
ture narrows and shifts to 0.4 eV in the high field FMM 
state. With increasing magnetic field, spectral weight 
also transfers to the lower energy region, enlarging the 
bound carrier excitation in the far infrared. This feature 
is a signature of ferromagnetic domain formationS^ and 
is discussed in more detail below. Note that the optical 
conductivity of (Lao.4Pro.6)i.2Sri.8Mn207 does not show 
typical metallic behavior under any circumstances. Even 
at 10 T, where the system is driven into the FMM state, 
a far-infrared bound carrier excitation is observed rather 
than a Drude response. Manganites generally display low 
dc conductivities fiiSi^ and (Lao.4Pro.6)i.2Sri.gMn207 is 
no exception. Transport measurements show that adc is 
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FIG. 3: (Color online) ab plane optical conductivity of the 
low temperature (10 K, T) FMM state of Lai.2Sri.8Mn207 
and the high field (4.2 K, lOT, H \\ c) FMM state of 
(Lao.4Pro.6)i.2Sri.gMn207. The spectrum of the parent com- 
pound is from Ref. l4^ 



~10^^ Vl^^ cm^^ in the low temperature insulating state 
and ^250 fi^^ cm^^ in the high field metallic state^S in 
reasonable accord with our optical properties data. The 
low-energy dielectric response, discussed below, is consis- 
tent with this picture. 

Figure|2b) displays a close-up view of the 4.2 K opti- 
cal conductivity within the ab plane in zero (SGI) and 
high magnetic fields (FMM). Interestingly, the bound 
carrier excitation is stabilized in the high field state, 
moving from ^^40 to 60 meV with a substantial increase 
in oscillator strength. To quantify changes in localiza- 
tion with applied magnetic field, we fit the spectra with 
several model oscillators over this energy range. Both 
peak position (inset. Fig. [2Ib)) and spectral weight 
show a first-order transition near 4 T, demonstrating 
that the ferromagnetic domains, which are associated 
with the bound carrier localization, couple to the field- 
induced transition. We previously conjectured that the 
presence of this low-energy bound carrier excitation in 
(Lao.4Pro.6)i.2Sri.gMn207 may be connected with the 
improved magnetoresistance properties^ Evidence for 
domains in the FMM state also comes from recent re- 
sistive relaxation studies. '^^ Optical imaging techniques 
provide direct evidence for texture changes with applied 
magnetic field as well.'^''^ 

To gain additional insight into the influence of disorder, 
it is useful to compare the low-energy dynamics in the 
field-induced FMM state of (Lao.4Pro.6)i.2Sri.8Mn207 
with the temperature-induced FMM state of the double- 
layer parent compound Lai.2Sri.8Mn207. The latter is 
obtained from the literature data of Lee et al..'^^ Nei- 
ther material is a conventional metal (Fig.|3Jl. The opti- 
cal conductivity of Lai.2Sri.8Mn207 is characteristic of a 
weak metal, with a small polaron hopping band (Mn'^"'' to 
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Mn'*+ charge transfer) overlapping the onsite Mn d to d 
transitions^^ The high-temperature ^0.15 - 0.3 eV pseu- 
dogap in the optical conductivity is attributed to short- 
range charge/orbital ordering. From a theoretical point 
of view, pseudogap formation is predicted to be a generic 
consequence of mixed-phase regimes 4^ This gap begins 
to fill below Tc and disappears in the low temperature 
FMM states^ The response of the Pr-substituted mate- 
rial is similar, but the far-infrared bound carrier excita- 
tion is separated from the asymmetric set of electronic 
excitations centered at 0.4 eV by a smaller pseudogap 
near 100 meV. The oscillator strength lost due to pseu- 
dogap formation is recovered in the bound carrier peak 
at 60 meV (Fig. OJ- We conclude that, although the 
low temperature state of Lai.2Sri.8Mn207 and the high 
field state of the Pr-substituted material are both con- 
sidered to be FMMs from the bulk properties point of 
view)S2ii^ their low-energy electronic response is differ- 
ent. In ARPES, fc-space sampling is different and the 
pseudogap energy scale is more difficult to define be- 
cause the gap is "soft" . Even so, in the high temperature 
phase, the size of the pseudogap is generally consistent 
with optical results in Lai.2Sri.8Mn207 and related dou- 
ble layer manganitesJMM^ Interestingly, ARPES shows 
that the pseudogap persists into the low-temperature 
phase of Lai.2Sri.8Mn207, with an extrapolated value of 
~90 meV.'*^ This differs from the optical property results 
for the parent compound below Tc,**^ but is in line with 
the 100 meV pseudogap in (Lao.4Pro.6)i.2Sri.8Mn207 
(Fig. O. Disorder effects in the Pr-substituted mate- 
rial likely break A;-space selection rules and change the 
optical activity of this excitation. 

Figure 01 displays the real part of the dielec- 
tric function, emphasizing the strong dielectric con- 
trast between the low and high field states of 
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FIG. 4: (Color online) ab plane real part of the dielec- 
tric constant of (Lao.4Pro.6)i.2Sri,8Mn207 at 4 K in the zero 
(SGI) and high field (FMM, H \\ c) states, as determined by 
Kramers-Kronig analysis. 



(Lao.4Pro.6)i.2Sri.8Mn207.~- In the SGI state, the dis- 
persive response is typical of a dielectric, with an over- 
all positive ei except for the strongest phonon disper- 
sions. The dispersive response of the high field FMM 
state of the Pr-substituted compound is completely dif- 
ferent. It first crosses zero at ^1.2 eV, a plasma energy 
that is typical for a metal. However, it deviates from a 
Drude-like response and recrosses into positive territory 
at ~0.6 eV. Below 0.01 eV, ei turns sharply negative, in- 
dicative of weak metallic behavior, only to climb steeply 
below 4 meV. Multiple crossings of the dielectric function 
are reminiscent of metallic polymers, where competition 
between resonant quantum tunneling among nanoscale 
grains in the networks and variable range hopping pro- 
cesses determine the composite dielectric response4^ 
The dielectric behavior of (Lao.4Pro.6)i.2Sri.8Mn207 is 
very different from the field-induced dielectric change in 
Ndi/2Sri/2Mn03 and Pri/2Sri/2Mn03, where the three- 
dimensional FMM state is associated with a negative ei 
in the low energy rangeii2iS£ Based upon the results of 
Fig. 01 we anticipate static magnetodielectric effects on 
the order of 100% in (Lao.4Pro.6)i.2Sri.8Mn207, although 
the mechanism may be very different from that in the 
low-bandwidth cubic manganite Pro.7Cao.3Mn03, where 
the enormous magnetodielectric response at 100 Hz is at- 
tributed to a decrease in polaron activation energy with 
applied field>Si^ 

Direct information on how phonons cou- 
ple with the magnetically driven transition in 
(Lao.4Pro.6)i.2Sri.8Mn207 is also of interest, espe- 
cially since stretching modes have been implicated in 
electronic kink formation in recent photoemission studies 
of a double-layer manganitCj^ and correlation between 
the Mn-0 stretching mode and polaron formation 
was demonstrated by optics in Lai.2Sri.8Mn207i^^ In 
addition to the well-known infrared-active modes of the 
double-layer compounds the vibrational spectrum of 
(Lao.4Pro.6)i.2Sri.8Mn207 exhibits a number of new, 
small modes in the low-field insulating state that are 
likely derived from the symmetry breaking effects of 
Pr substitution. Some of these smaller structures 
become quite prominent in the FMM state, riding on 
top of the far-infrared bound carrier excitation (Fig. 
|2Ib)). Several modes shift with applied field, indicative 
of a significant structural change between the low-field 
insulating to high- field metallic phases. Figure EJa) 
displays trends in the field-dependent Mn-0 stretching 
and bending modes. Upon increasing field, the 77.4 
meV Mn-0 (3) stretching mode softens on approaching 
to the transition, shows a sharp change through H^, and 
saturates above 5 T. The 46.3 meV 0-Mn-O bending 
mode is more complicated. It hardens on approaching 
the transition and then drops suddenly across He. 
Several other modes soften through the SGI - FMM 
transition as well, indicative of a structural change. 
For comparison. Fig. Elb) displays the temperature 
dependent trends of the Mn-0 stretching mode in both 
(Lao.4Pro.6)i.2Sri.8Mn207 and Lai.2Sri.8Mn207.^^ Note 
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that the Mn-0 stretching mode softens through Tc in 
the parent compound^^ whereas it softens through 
in the Pr-substituted material. We can also compare 
field-induced modifications in the Mn-0 stretching and 
bending modes with neutron diffraction and magne- 
tostriction resultsi^^^ Neutron diffraction data shows 
that several bond lengths change with field. For instance, 
the distance between Mn and 0(3) is 1.931(8) A in 
the SGI state and increases to 1.937(2) A in the FMM 
stateiSLM This trend is consistent with our observation 
of softer phonon modes in the high field FMM state 
of (Lao.4Pro.6)i.2Sri.8Mn207 (Fig. I3a)). On the other 
hand, magnetostriction is a bulk technique. The elastic 
constants of (Lao.4Pro.6)i.2Sri.8Mn207 soften through 
the transition and then tighten with applied field as 
Mn-0 bond length disorder is suppressedi^ 



TABLE I: 

The averaged radii and variance of the ionic radii of 
(Lai_zPr2)i.2Sri.gMn207, calculated at the perovskite (P) 
and rock salt (R) sites. 



P Sites R Sites 



z 


Tc (K) 


TA (A) 




TA (A) 


(A^) 





120 


1.408 


0.00154 


1.272 


0.00212 


0.2 


90 


1.403 


0.00226 


1.269 


0.00256 


0.4 


60 


1.398 


0.00294 


1.266 


0.00297 


0.6 




1.394 


0.00358 


1.264 


0.00337 



"The averaged radii ta and the variance of the radii are 
calculated e& r a ^i^i ^^'^ '^^ ~Y1 ^'{'''i ~ ^a)) where Xi 

and ri axe the fractional occupancies (^^i ~ 1) 8-nd 
effective ionic radii of rare earth and alkaline earth cations, 
respectively!— 

'standard ionic radii are obtained from Refs. |5^ andlH^ 
The P site has a coordination number of 12, and the R site 
has a coordination number of 9. 
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FIG. 5: (Color online) (a) Field-dependent Mn-0 stretch- 
ing and bending modes of (Lao.4Pro.6)i.2Sri,8Mn207. (b) 
Temperature-dependence of the Mn-O stretching modes 
of (Lao.4Pro.6)i.2Sri.8Mn207 and Lai.2Sri.8Mn207, the 
double-layer parent compound (Tc=120 K). Data for 
Lai.2Sri.8Mn207 are from Lee et al. in Ref. 143 . 



Tomioka and Tokura recently proposed a global phase 
diagram of perovskite manganites within the plane of ef- 
fective one-electron bandwidth and quenched disorder.^** 



These two parameters are controlled by the average value 
and the variance of rare earth and alkaline earth ionic 
radii, respectively. With increasing quenched disorder, 
the Y-shaped bicritical feature of the phase diagram 
splits and a SGI state emerges, separating the FMM and 
charge/orbital ordered antiferromagnetic phases. The 
authors propose that spin-glass character may enhance 
the colossal magnetoresistance effect in these materials »24 
Reviewing complexity in strongly correlated electronic 
systems, Dagotto emphasizes that this glassy region is 
dominated by short-range correlations and a local ten- 
dency towards either FMM or AFI regimesiSi^ 

Although the Tomioka- Tokura phase diagram was de- 
veloped for cubic perovskitesj^ the underlying physics 
may be useful for understanding the double-layer man- 
ganites as well. We therefore investigated trends in 
(Lai_^Prj;)i.2Sri.gMn207 within the general framework 
of this global electronic phase diagram picture, modified 
to account for the two distinct perovskite (P) and rock 
salt (R) sites in the double-layer material. Tabled shows 
calculated values of the averaged radii {ta) and the vari- 
ance of the ionic radii (u") with different Pr substitution. 
Both P and R sites show the same trend: decreases 
and cr^ increases with Pr substitution. Can we under- 
stand bulk property trends in (Lao.4Pro.6)i.2Sri.8Mn207 
within this picture? Table ^ shows the correlation be- 
tween the PMI to FMM transition temperature (TJ,^ 
electronic bandwidth, and quenched disorder. With in- 
creasing Pr substitution, Tc decreases and is eventually 
quenchediSi2& Despite the suppression of Tc at z=0.6, 
(Lao.4Pro.6)i.2Sri.8Mn207 is still in close proximity to 
the FMM phase boundary. Thus, a small local struc- 
ture variation can modify ta and cr^, pushing the system 
back into the FMM state. The measured phonon soften- 
ing through the He (Fig. Ufa)) demonstrates that local 
Mn-0 bonding is more relaxed in the high field FMM 
state, in line with observations by Lee et al. of a re- 
laxed lattice in the double-layer parent compound at low 
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temperatureiia It is therefore probable that the apphed 
field modifies and overcomes substitution-induced dis- 
order efiects in a^, driving the system back into the FMM 
state in the Tomioka-Tokura phase diagram. The prin- 
cipal difference between the field-induced FMM state in 
(Lao.4Pro.6)i.2Sri.8Mn207 and the temperature-induced 
FMM state in Lai.2Sri.8Mn207 is the presence of the 
pseudogap in the substituted material (Fig. |3J). The an- 
ticipated curvature of the SGI/FMM phase boundary in 
magnetic field is consistent with this picture and facil- 
itates the magnetically-driven transition. At the same 
time, the low energy scale of He indicates the closely 
competing nature of the SGI and FMM phases in the Pr- 
substituted double-layer manganite. These results sug- 
gest that control of disorder in the proximity of a phase 
boundary may provide an important route to magnetodi- 
electric materials that are switchable in low magnetic 
fields. 



B. Optical Phase Diagram 

Our comprehensive magneto-optical measurements 
allow us to generate the H-T phase diagram of 
(Lao.4Pro.6)i.2Sri.8Mn207 for H \\ c (Fig.Ejl-S For com- 
parison, we also plotted several points determined from 
selected resistivity, magnetization, and magnetostriction 
measurementsi^Si^iiSi Magnetization measurements indi- 
cate two boundaries at ~2 and 5 T below 50 K, perhaps 
due to domain rotation. Above 50 K, relaxation effects 
are more rapid. ■^^ Here, the phase diagram from both op- 
tics (which measures the microscopic nature of the charge 
degrees of freedom) and magnetization are in good agree- 
ment, although the boundary becomes more diffuse with 
increasing temperature (inset, Fig.|HIa)). 

It is especially interesting to compare the corre- 
spondence of the low temperature phase boundaries in 
(Lao.4Pro.6)i.2Sri.8Mn207, determined by different tech- 
niques. Recently, Matsukawa et al. used combined re- 
sistivity, magnetization, and magnetostriction measure- 
ments to show that the bulk relaxation time of the lat- 
tice is two orders of magnitude smaller than that of the 
resistivityi^ Extending this analysis to include micro- 
scopic trends, we find that the critical field extracted 
from field-induced changes in Mn'^"'" Cg orbital population 
is similar to the first magnetization boundary (^^2 T). On 
the other hand, direct measurements of Mn-0 and 0-Mn- 
O stretching and bending vibrational modes (Fig. |S{a)) 
show excellent correspondence with critical fields deter- 
mined from bulk magnetostriction, resistivity, and the 
second magnetization boundary (~5 T). Changes in the 
far-infrared bound carrier excitation (inset, (Fig. |2Ib)) 
are also associated with this lattice distortion. The re- 
sults demonstrate that the lattice responds more slowly 
than charge and spin over various length and time scales. 
The strong hysteresis in the low temperature physical 
propertie3^*iiS2i2ii22ia of (Lao.4Pro.6)i.2Sri.8Mn207 de- 
rives from these differences. 
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FIG. 6; (Color online) (a) H-T phase diagram, extracted 
from the optical properties data for H || c. Data are taken 
with increasing field. Selected magnetization, magnetostric- 
tion, and resistivity results are shown for comparisoni— *— 
The inset displays the absolute value of the integrated area 
of the reflectance ratio spectra in the color band region as a 
function of temperature and magnetic field. Inflection points 
in the data were used to determine phase boundary locations, 
(b) Close-up of view of the H-T phase diagram in the low 
temperature region. 



Field-Induced Color Changes at 300 K and 
Visualization 



Controlled disorder near a phase boundary can clearly 
yield a substantial magnetodielectric response over a 
wide energy range. However, at this time, most 
magnetodielectric materiala^i^°i"i^^i"i^'^i^^i^^i^^i^°i^^ dis- 
play contrast only at low temperatures. Strategic 
control of spin-lattice interactions or the presence of 
a magnetically-driven phase transition (and associated 
change in ground state) offer potential routes to higher 
transition temperatures. The latter is investigated here. 
Specifically, we explored whether the remnants of the 
SGI-FMM transition in (Lao.4Pro.6)i.2Sri.8Mn207 can 
be used to drive color property changes at room tem- 
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perature. 

Figure [T] displays the room temperature optical con- 
ductivity of (Lao.4Pro.6)i.2Sri.8Mn207 at and 30 T. 
The field-induced spectral changes are similar to but 
smaller than those at base temperature (Fig.|2). Under 
applied magnetic field, the entire visible spectrum red- 
shifts. Given high enough magnetic field, the full SGI- 
FMM transition can likely be realized, inducing magneto- 
dielectric effects similar to those at 4 K. Recent ^^^La 
NMR studies reveal field-induced long-range ferromag- 
netic order up to 330 K in Lai.2Sri.8Mn207f^ suggesting 
that 300 K magnetochromic effects may also be present 
in the parent compound. 

We employed standard color rendering techniques to 
visualize the magnetochromic and thermochromic effects 
in (Lao.4Pro.6)i.2Sri.8Mn207 (Fig. [SJli^iiS Examination 
of the color panel shows a distinct color change between 
the and 10 T data at low temperature, whereas there 
is only modest thermochromism as temperature is in- 
creased. The 300 K data taken at 30 T show a small 
change in color compared to that of the T room temper- 
ature data. This shows that the color change is quenched 
by temperature although larger fields can probably drive 
the SGI to FMM transition at 300 K. In this case, we 
anticipate magnetochromic effects similar to those at low 
temperature. The calculated RGB values are presented 
(Fig. IHJ to quantify these color properties. 




Temperature 



FIG. 8: (Color online) Schematic view of the tem- 
perature and magnetic field-induced color changes in 
(Lao.4Pro.6)i.2Sri.8Mn207. A comparison to transmittance 
data allows an estimated scaling constant of K=1.22xl0~^ 
cm to be determined. This K value was used in the calcula- 
tion of the other colors. The RGB values for each swatch are 
given as well. 



IV. CONCLUSION 
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FIG. 7: (Color online) 300 K ab plane optical conductivity of 
(Lao.4Pro.6)i.2Sri.8Mn207 in (solid line) and 30 T (dashed 
line) magnetic fields {H || c). The inset shows the measured 
ab plane reflectance ratio at 5, 10, 15, 20, 25, and 30 T (top 
to bottom). The data are taken upon increasing field. 



We report a comprehensive magneto-optical investi- 
gation of (Lao.4Pro.6)i.2Sri.gMn207, undertaken to ex- 
amine the microscopic aspects of spin, lattice, charge, 
and orbital coupling through the SGI to FMM transi- 
tion. Overall, spectral weight shifts to lower energy with 
applied magnetic field, although the material displays 
far-infrared localization and a pseudogap due to ferro- 
magnetic domain formation and modest dc conductiv- 
ity in the high field FMM state, different from that in 
the double-layer parent material. Several Mn-0 and O- 
Mn-0 stretching and bending vibrational modes soften 
through the field-driven transition, indicative of a struc- 
tural change. Using the Tomioka-Tokura phase dia- 
gram picture24, we find that the FMM state, although 
quenched by chemical doping, is revived in a modified 
form by the application of magnetic field by driving the 
system from the disordered SGI phase into the FMM 
regime. The optical properties were also used to map 
the H-T phase diagram, and we find that the lattice 
response to the field is slower than that of spin and 
charge. Finally, we demonstrate that remnants of the 
SGI-FMM transition can drive 300 K color changes in 
(Lao.4Pro.6)i.2Sri.8Mn207. Color rendering provides a 
visual representation of the spectral changes. It is of 
future interest to complement this work with static mag- 
netodielectric studies. 
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